This paper reports on the analysis using modelling techniques of predicted effects of changes in environmental conditions (temperature and radiation) and agronomic inputs (planting date, plant population, nitrogen fertiliser and irrigation) on yield of maize grown under high input conditions at Boort, Victoria. Some combinations of environmental conditions and inputs are also examined. It uses a high yielding (20.5 t ha -1 at 12% water in the grain, equivalent to 18.3 t ha -1 dry grain) commercial crop grown in 2004-05 as the basis of the study, and examines sensitivity of crop yield to specific changes for a single year and over the long term (> 100 years). The analysis shows that the yield achieved was close to that possible with the conditions and inputs used in 2004-05. Planting date over the window tested (21 st September to 26 th October) had generally small effects, except that planting early in this window was not viable when combined with reduced temperature. However, both the single year and long term analyses conclude that a higher plant population (11 plants m -2 ) is needed to optimise yield. It also indicates that slightly lower N and irrigation inputs are appropriate at least at the plant population used commercially (8.4 plants m -2 ). Also, compared to changes in agronomic inputs changes in temperature and/or radiation had relatively minor effects, with changes in temperature being dominant. Additional analyses including a wider range of some variables and more combinations of inputs are needed to gain further understanding of optimisation of inputs at the site.
Introduction
Production of high yields of any crop depends on optimisation of agronomic inputs and practices within the environmental (for example thermal, photoperiod and rainfall characteristics) and resource constraints (principally soil fertility and water holding capacity) of the crop location. Clearly, there will be spatial variability in one or more of the environmental and resource constraints at any site of production, and thus the optimisation may differ over even short distances. This has led to the development of site specific farming and variable rate technology, for example application of differential rates of fertilisers according to localised variability (Cook 2000) .
In a previous Australian Maize Conference, Nielsen (2003) explored the concept of yield influencing factors, with a 'target' yield of 28 t ha -1 . This author observed that the number of potential factors is very high and related to environmental and resource constraints, agronomic inputs and practices and other decisions that may affect the crop, and noted that there is an abundance of agronomic choices available. The incidence and influence of yield influencing factors varies spatially and temporally on farms and across regions (Nielsen 2003) . This author proposed that management solutions to mitigate negative yield influencing factors and enhance positive ones required detailed knowledge of environmental and resource characteristics and constraints, close monitoring and diagnosis of crop development and performance and good record keeping. Childs (2003) who achieved a commercial yield in 2002 of 27.75 t/ha at 15% moisture (24.0 t ha -1 dry grain) provided a guide to practices for high yield in the USA. Higher yields up to 34.7 t ha -1 at 15% moisture (30 t ha -1 dry grain) were achieved in specially managed demonstration plots. Among key factors for high yield were tillage practices, fertiliser management, plant population, planting geometry (including uniformity of plant spacing in rows) and pest management. Noteworthy were that increases in yield over a 10 year period could be attributed to improved hybrids, reduced soil compaction, increased plant population and improved nutrient management, specifically use of side dressed nitrogen.
Experimental yields in Australia listed in Birch et al (2003) showed that higher yields were achieved in southern than northern areas, with the more moderate temperatures in areas such as Gatton, Liverpool Plains and Riverina than in northern areas being at least a partial explanation for yield trends of both rain grown and irrigated crops. Modelling studies for rain grown environments in the northern region of Australia show similar trends, and emphasise the importance of time of planting (which influences thermal and radiation environment and water availability), plant population and water availability at planting (Birch et al 2006, these proceedings) .
The purpose of this paper is to examine the impact of selected yield limiting factors (agronomic inputs and environmental conditions) on yield and crop reliability using crop modelling to examine the sensitivity of crop yield. A commercial crop that yielded 20. Soil at the site is locally referred to as a black self mulching clay loam known as Boort clay. It is formally described as dark brownish-grey light to medium clay with light to medium clay topsoil and heavy clay subsoil tending to brownish yellow-grey in colour. It has a self mulching surface, is friable when moist (Skene 1971 , Ashcroft et al 2001 , and has a pH of 7.8 in the surface and subsurface (at least to 30 cm) (Stork et al. 2003) . It is part of a small area (20 km long and 2 to 4 km wide) of this soil adjacent to the Mallee area of Victoria, and at the farm site exceeds 5 m deep.
The cultivar grown was Pioneer 3335, a hybrid of Comparative Relative Maturity (CRM) of 113 days, and rated highly for 'stay green' (Pioneer 2004) . The crop was planted on 1 st October 2004 at 84 000 seeds ha -1 (minimum 95% germination) on 167 cm wide beds, 2 rows to a bed, using a precision planter, following maize in the two previous years. PrimextraÒ (3 L ha -1 ) and Dual Gold® (1 L ha -1 ) were used for weed control and Counter® for insect control. Irrigation was by sub surface drip irrigation daily or twice daily to maintain non-limiting water supply conditions, with soil moisture being checked daily using a moisture probe. Irrigation water use totalled 7.5 ML per ha -1 . Fertiliser application was 82 kg P ha -1 as 375 kg ha -1 mono ammonium phosphate (12.3 %N, 22%P) applied close to the planting row prior to planting plus a total of 400 kg N ha -1 as urea through the irrigation system according to guidance in Pioneer (2004) , providing nitrogen about 7 -10 days prior to expected plant uptake to allow for nitrification. The crop was harvested on 27 th April 2005, in the latter part of the expected harvesting time in the Boort area.
Crop production
The crop (Figure 1 ) produced 20.5 t ha -1 of grain at 12% moisture (equivalent to 18.3 t ha -1 dry grain yield), averaged over three harvested yield assessment areas, with around 630 grains cob -1 . 
Analysis
To investigate and understand the reasons for the high yield, the APSIM model (Keating et al 2003) configured for maize was used for a simulation study and Whopper Cropper (Cox et al 2004) for analysis and presentation of output. Two groups of simulations were completed, the first using weather data for 2004-05 and the second using long term (>100 years) weather data to examine mean and median predicted yields (PY), range from 30 to 70 percentile, range from lowest to highest PY and probability distributions for PY. The simulations also provided estimates of crop phenology, leaf number, leaf area index, components of yield (grain size and grain number) and nitrogen concentration in the grain. This paper, though, concentrates on yield, other estimates will only be used in support of explanations of trends in estimates of yield. In all simulations, factors not varied were retained at those used in the commercial crop, or in the case of water and nutrient supply, set to non-limiting conditions. Results are presented as dry grain yield (t ha -1 ), rather than commercial grain yield at 12% moisture in the grain.
Cultivar parameters for Pioneer 3335 were those used in current modelling research. The radiation use efficiency (RUE) was set to that for maize grown under optimal conditions (Lindquist et al 2005) , and the phenology routine was set to produce 18 leaves (Wilson 2005, pers. comm..) , except in planting date simulations, when the model was allowed to predict variation in final leaf number because of photoperiod sensitivity.
Output from the long term simulations is presented as box and whisker plots, while that for 2004-05 is presented as a table. Box and whisker plots show extremes (vertical bars, the whiskers), 70 and 30 percentiles (top and bottom of box) predicted mean and median yields (broken and solid horizontal lines) for each simulation. Probability distributions are not presented, though reference is made to them.
Results of simulations

2004-05
The 2004-05 predicted dry grain yield (PY) of 18.7 t ha -1 when using conditions similar to those under which the crop was grown (ie. assuming N and water non-limiting, planting date 1 st October) was close to the observed crop yield. Varying nitrogen application, phenology and planting rate showed that the crop was grown at or close to predicted optima for each of these, while varying plant population indicated that a higher population could have been used (Table 1) .
Varying radiation had little effect, except when reduced by >5%, which reduced PY. However, varying temperature suggested that the crop was grown at temperatures near the optimum for the location, and moving to a lower temperature environment would mean the cultivar used would fail, while higher temperatures would reduce yield by up to 1.5 t ha -1 (Table 1) . 
Long term predictions
Crop phenology
By using 16 to 22 leaves, and thus altering crop phenology (time to anthesis and maturity), median PY was similar for all (near 18.0 t ha -1 ), and had a narrow range from the 30 to 70 percentile for 16 and 18 leaves ( Figure 2) . However, the range in the 30 to 70 percentile and from minimum to maximum PY was large for 20 and 22 leaves, indicating that these options are much less reliable. Nevertheless, the probability of exceeding 12.0 t ha -1 was near 100% for all options.
Planting date
All planting dates produced high PY, with median yields between 17.0 and 18.0 t ha -1 , (Figure 3 ) though mean PY tended to decline with plantings after 1 st October. Later plantings also had greater uncertainty of yield, shown by the range from 30 to 70 percentile and from lowest to highest yield in later plantings. The probability of producing above 12.0 t ha -1 exceeded 85% for all planting dates used. 
Plant population
Simulations using long term weather data and plant populations from 5 to 12.5 plants m -2 indicate that maximum median PY was reached near 11 plants m -2 (110 000 ha -1 ), exceeding that at 8 plants m -2 by approximately 3 t ha -1 with greater reliability (Figure 4 ). An even higher population improved reliability, but did not improve PY further, while populations below 8 plants m -2 showed a substantial yield penalty ( Figure 4 ).
Nitrogen input
Assuming 60 kg NO 3 -N in the soil at planting and applying up to 500 kg N ha -1 produced an expected curvilinear response, with a very small range in PY up to 250 kg N ha -1 , and maximum mean PY of 18.0 t ha -1 at rates of 350 kg N ha -1 or more. The range in PY was greater at higher N rates ( Figure 5 ). 
Irrigation
The analysis for the 2004-05 season, assuming a full or near full profile of water at planting showed only limited effect of reduced irrigation frequency until quite substantial deficits were reached. Also, in the long term analysis assuming various proportions of profile storage at planting, there was little if any difference in median PY (near 18 t ha -1 ) for starting water conditions of 60, 75 or 100 % of profile capacity (assumed to be 250 mm H 2 O to 180 cm) whether irrigated at 10, 20, 40 or 60 mm deficit and refilled to no more than the starting water supply (an example is shown in Figure 6a ). At 45 % of profile capacity and irrigating at these deficits, there was only a small reduction in yield and small increase in risk. However, at lower starting water storage (15, 30 % of capacity), there were substantial reductions in median PY (8 and 15.3 t ha -1 ) and substantially greater risk evident in the probability distributions and Figure 6a . Investigation of predicted water use over the long term showed the highest input to be at starting conditions of 60% of storage capacity or above, with the median total requirement being near 650 mm, (6.5 ML ha -1 ). At lower starting water supply conditions, median irrigation requirements were lower (Figure 6b) . (Table 1) . However, at 2 o C below observed temperatures mean PY declined by approximately 3 t ha -1 though median PY remained near 17.5 t ha -1 . At 3 o C below observed temperature, median PY was 0 t ha -1 . Temperatures 2 o C or more above observed values produced small but steady declines in both mean and median PY, with some increase in unreliability of PY (Figure 7a ).
Radiation
There was little effect of varying radiation on mean or median PY, range from 30 to 70 percentile, or minimum to maximum yield for radiation from 5% below observed to 15 % above observed. Only when radiation was reduced by 10 or 15 % was there any reduction in PY, and even then the reduction was not great (< 1 tha -1 ) (Figure 7b ). The probability of exceeding 14 t ha -1 was around 90% for all radiation treatments. 
Combined effects of planting date and temperature
Regardless of planting date, temperatures more than 2 o C lower than observed data produced major reductions in PY and at 4 o C lower, median and mean PY were either very low or zero (Figure 8 ). Even at 2 o C lower than observed, early planting (21 st September) would be very risky, and the crop could fail. With later plantings, mean and median PY declined as temperature was increased above observed values, with greater decreases and increased range from 30 to 70 percentile and lowest to highest values as planting date became progressively later. Nevertheless, most mean and median PY values were quite high (> 13 t ha-1) (Figure 8 ).
Combined effects of changes in temperature and radiation
This investigation confirms that temperatures as little as 2 o C lower than long term observed values carry some risk of crop failure, regardless of radiation (Figure 9 ). Changes in radiation, though, had limited effects, as in the single year investigation at Boort (Table 1) . As temperatures and radiation were increased above long term observed values, the temperature effect, though relatively small as in Figure 7a was the dominant factor in reductions in mean and median PY, most of which remained above 15t ha -1 . The range from 30 to 70 percentile and from lowest to highest PY was comparable for all predictions for observed long term conditions and increased temperature and radiation conditions. 
Discussion
The analysis reported here focussed on inputs and environmental characteristics that are recognised as major yield influencing factors in the Australian context. They are similar to those reported by Nielsen (2003) and include most of the inputs found by Childs (2003) to have contributed to recent improvements in yield.
Analysis of practices for the 2004-05 crop year revealed that the yield produced was unlikely to be exceeded by changes to agronomic practices examined (except plant population), or if radiation was higher. Higher temperatures and temperatures more than 1 o C lower and radiation more than 5% lower than those of 2004-05 would reduce yield. The analysis also showed that green Leaf Area Index (LAI) was maintained at high levels from anthesis (LAI >5.0) to physiological maturity (>3.5), consistent with Pioneer 3335 having strong 'stay green' characteristics (Pioneer 2004). It was not possible to compare predicted time to anthesis (80 days from sowing) and physiological maturity (144 days from planting) to observed times, as the latter were not available. In the model, time to anthesis is based on completion of leaf expansion and physiological maturity is based on thermal time schedules, the completion of which coincides with black layer formation at which time grain water content is around 30%. However, the accuracy of prediction of grain yield and components of yield (grain size and grain number) is some evidence that the phenological predictions are reasonable.
Crop phenology
Changing crop phenology (time to anthesis and maturity) by changing total leaf number showed that the cultivar type used in the commercial crop, Pioneer 3335 (having 18 leaves (Wilson 2005, pers comm.)) produced close to the highest PY for 2004-05, cultivars with 20 leaves predicted to produce slightly more. However, the long term analysis showed no benefit in median PY and greater risk of lower mean yield with the later maturity (more leaves) type. Shorter season cultivar type (16 leaves) had similar long term mean and median PY as Pioneer 3355, and a slightly more favourable risk profile. It is evident, then, that the cultivar type used in 2004-05 was close to or the optimum choice for the area in that year.
Planting date
That planting date did not affect yield greatly until after 16 th October indicated that in 2004-05, environmental conditions (temperature and radiation, rainfall being ignored as the crop was modelled with water non limiting), were such that a relatively wide window for planting occurred. However, when examined over the long term, there were penalties in one or more of median PY, mean PY, range from 30 to 70 percentile and range from lowest to highest yield (except for the latest planting tested (26 th October which was surprisingly similar to 1 st October planting). When assessed across all measures used here, the analysis suggests that the optimum planting time lies between 21 st September and 1 st October, the latter date having a slightly lower median PY but being slightly more reliable.
Plant population
The higher optimum plant population indicated by the analysis than used in the commercial crop and in recommendations for irrigated maize by Serafin and McCaffery (2002) and New South Wales Department of Primary Industries (2004) suggest that resources available to the crop are not being fully exploited by current production practices. The commercial yield achieved in 2004-05 is surprisingly similar to that reported by Childs (2003) for a similar plant population in the US (18.3 t ha -1 for 89 000 plants ha -1 ), and the optimum plant population suggested by the analysis is also very close to that used by Childs in 2002 to achieve 28 t ha -1 under high input conditions (Childs 2003) . The higher PY at the higher plant population reflects higher early LAI and an extended period with LAI sufficient for full light interception, thus increased dry matter accumulation. Higher plant population would be expected to at least partially offset some adverse effects of factors such as high temperature (Figure 6 ), provided all other inputs were non-limiting.
Nitrogen input
The optimum rate, assuming 60 kg NO 3 -N ha -1 in the soil at planting, is around 350 kg N ha -1 , whether assessed for 2004-05 or over the long term. The limited variation in PY at each N rate will reflect mostly variation in temperature and radiation, and in a sense is a surrogate for variation in these once nonlimiting conditions of N supply is reached (given that all other agronomic inputs have remained unchanged in the analysis). However, PY at sub optimal N inputs in will have been over predicted as radiation use efficiency was not reduced for low N supply (Muchow and Davis 1988, Vos et al 2005) , while leaf area and hence light interception has been maintained by the model. This is not unreasonable unless N deficiency was severe, as maize is conservative of leaf area under sub-optimal conditions of N supply (Vos et al 2005) . Both the single year and long term analyses indicated that a case can be made for some reduction in N rate from that used in 2004, provided management practices favoured high N use efficiency. If a higher plant population were used as indicated above and thus potential yield was higher, nitrogen demand would be higher, hence a higher N rate, probably near 400 kg N ha -1 would be required.
Irrigation
The limited effect of differing starting soil water conditions and irrigation scheduling on the basis of water consumption to 60 mm for starting soil water conditions of 45% of capacity or more can be explained by the high water holding capacity of the soil. The lowest of the starting water conditions (15%) and only irrigating to rewet to this level is clearly an unrealistic option and included only for illustration. Nevertheless, it could give some indication of what might happen in soils with low water holding capacity or restricted rooting depths. The poor PY emphasises the need to wet the profile, if storage capacity is available, to greater initial water supply. With low starting water conditions, frequent short term stress was predicted, despite frequent irrigation. It is evident in detailed output from the model that supply was inadequate to meet demand for much of the period from 50 to 130 days after planting.
With greater initial water supply, even at 30% of profile capacity (75 mm plant available water), the frequent irrigations implied by deficits up to 60 mm provided sufficient water to produce a quite high median PY (near 16 t ha -1 ), with only short periods of inadequate supply during grain filling. The analysis indicates that provided the profile is filled to 45% or more, irrigation on schedules up to 60 mm deficit will have little effect on final yield. At higher initial water supply conditions, and irrigating at the deficits shown, only limited short term deficit was predicted, mostly after 60 days after planting, hence leaf expansion and processes that rely on leaf area would not be restricted, or if they were, only to a limited extent. Consequently, there was a relatively narrow range from 30 to 70 percentile. Even so, these ranges include the effects of variations in environmental conditions over the long term as well as short term water stress.
It is evident from this analysis that provided the profile at the site is near half full at planting ie wet to about 90 cm, irrigation schedules up to 60 mm deficit have little impact on crop yield. It also shows that reductions in total water use would be possible in most years, though the 7.5 ML ha -1 or close to it used in 2004-05 would be required in the occasional year for starting water conditions of 45% or more of profile capacity (Figure 4b ).
It would be expected that filling the profile to these levels prior to planting or shortly after would lead to similar water use and yield for lower starting conditions -ie overcoming the limiting conditions imposed in this analysis.
Further, if a higher plant population was used, increased transpiration would occur earlier in crop life, due to higher LAI and earlier canopy closure. Thus, additional irrigation input prior to canopy closure would be needed. Also, higher LAI may persist for longer during grain fill in cultivars with 'stay green' characteristics, potentially adding to water consumption and thus irrigation requirement.
Independent effects of temperature and radiation
Temperature and radiation were examined independently to generate differing thermal or radiation environments, while retaining the other conditions of Boort. Differing thermal environments could represent warmer locations or global warming, while differences in radiation could represent seasonal differences due to cloud cover or differing latitudes.
Reducing temperature by >2 o C caused total crop failure by apparent frost damage or low soil temperatures preventing germination and establishment, as crop duration was <45 days. Predicted biomass was very low and not sufficient to indicate successful crop establishment in the single year assessment. The long term analysis showed increasing risks at temperatures more than 1 o C lower than observed values, with crop failure for the reasons proposed above being the most likely outcome at 3 o C or more below the observed values. Clearly, in cooler environments, a cultivar with differing phenology (shorter crop duration) and preferably greater cold tolerance would be needed so that later planting to improve establishment was possible. Alternatively, maize could be planted later and grown for silage, as in northern Europe which has a very short growing season due to temperature limitations (Birch and Vos 2000) . In that environment completion of grain filling is not considered necessary for silage production. In warmer environments, the reduction in PY is due to the reduction in real time duration of the crop, hence less total radiation is received leading to lower dry matter accumulation and thus lower PY. Improvements in radiation use efficiency (RUE) may partly or wholly compensate. The RUE value used in this study, though, was high and for optimum input conditions (Lindquist et al. 2005) , so significant increase in RUE may need to be a long term plant improvement objective.
The lack of improvement in PY in either the single year or long term analysis when higher radiation higher than observed indicates that radiation conditions met the requirements of the crop under the agronomic and other environmental conditions applicable in 2004-05, that is, other factors limited yield, the analysis here suggesting that plant population was one of them.
Combined effects of temperature and planting date
This long term investigation showed clearly that temperature was the dominant of these factors. Also, the later planting (26 th October) continued the trend of declining PY and increasing riskiness under increasing temperature. This contrasts to the independent investigation of planting date in which PY for the 26 th October planting did not differ greatly from that of 1 st October. This apparent anomaly and that reductions in yield for other planting dates were greater than for changes in planting date can be explained by the shortening of real time duration of the crop at higher temperature.
Combined effects of temperature and radiation
The effect of temperature was the major influence, and higher radiation did not compensate for the impact of higher or lower temperature on PY. Also, the pattern of yield response to radiation was similar at all temperature regimes imposed. These findings indicate that improvement in radiation use efficiency would be needed to compensate for the impact of higher temperature on yield through reducing real time duration of the crop. It could be possible to compensate for these effects by increasing plant population, though the option of plant population x temperature x radiation was not investigated. However, higher optimum plant populations were indicated by the analysis carried out here (Figure 3) , and would be expected to apply under higher temperature conditions, provided water supply was nonlimiting (as in the present analyses).
Conclusion
The analyses reported here indicate that the yield achieved commercially in 2004-05 was close to the maximum possible for the plant population and other agronomic practices used and the environmental conditions that prevailed. Higher yield may have been achieved if a higher population had been used. The analysis indicated that a slightly lower rate of nitrogen could have been used (assuming 60 kg NO 3 -N ha -1 were available in the soil at planting), but would of course depend on initial soil supply. It also indicated that about 1 ML ha -1 less water than used in 2004-05 (7.5 ML ha -1 ) would be required in 50% of years, and that the use in 2004-05 represented the upper end of predicted irrigation requirement. That higher optimum plant populations than used in 2004-05 were indicated also indicates that additional analyses using higher plant populations combined with all effects investigated here are required. It would be expected that higher inputs, particularly of nitrogen and irrigation would be required to meet the demands of the higher yields indicated here and higher transpiration that would occur earlier in crop life. Also, in the irrigation analysis, the deficits used were chosen to represent trickle irrigation. Additional analyses with greater deficits designed to represent other methods of irrigation would be informative.
